Abstract: Phase behavior in lysophospholipid/long-chain alcohol/water system at 80°C was investigated using hexanol and oleyl alcohol as the long-chain alcohol. Similarly to hydrophilic surfactant, a micellar phase in a lysophospholipid/water system transitioned to a lamellar liquid-crystalline phase by the addition of long-chain alcohol. In the oleyl alcohol system the lamellar liquid-crystalline phase was observed in wider region compared to the hexanol system. The effect of cholesterol addition on the phase behavior was also studied. The region of liquid-crystalline phase and (reverse micellar + liquid-crystalline + water) phase shifted towards higher lysophospholipid concentrations. The structure of hydrated solid as well as the transition between lamellar liquid-crystalline phase and hydrated solid was analyzed by X-ray scattering measurement and differential scanning calorimetry measurement. It was revealed that the hydrated solid was α-type crystals with lamellar structure. The hydrated solid (gel)-liquid crystal transition temperature gradually decreased with increasing oleyl alcohol concentration and the decrement was enhanced by the addition of cholesterol.
INTRODUCTION
In water, surfactant molecules exhibit various forms of aggregation such as micelle and liquid crystal, and their dissolved state is closely related to various functions of surfactants such as solubilization, emulsifi cation and lowering of interfacial tension. Therefore, study of the phase behavior and structure of molecular aggregates is important not only to understand the fundamental properties of surfactants but also to obtained useful information for their practical application.
In cosmetics industry, surfactants are used as cleaning agents and emulsifying agents as well as dispersing agents. For example, when ionic surfactants are used as cleaning agents, it becomes important that their Krafft point is low. In case of poly oxyethylene -type nonionic surfactants, comformation of poly oxyethylene chain changes with temperature, and dehydration occurs as temperature rises, thereby making it lipophilic, which fi nally results in phase separation. Since hydrophilic properties and lipophilic properties change largely with temperature, emulsifi cation method that uses this characteristic was developed [1] [2] [3] [4] .
Moreover, some emulsifi cation methods using lamellar liquid crystals that appear in low concentration range of monoalkyl glyceryl ether have also been developed 5, 6 .
Lamellar structure has attracted a lot of attention from the stand point of its effectiveness, safety and excellent texture for human skin, and it has been used in various cosmetic products. For example, it was reported that emulsion with lamellar structure manufactured from intercellular lipid has better moisturizing effect on human skin as compared to common emulsion 7 . Moreover, it is also reported that lamellar type dispersed liquid crystal material derived from arachidyl alcohol exhibits high moisturizing function 8 . It has been conventionally known that phospholipids are present in bio-membrane as an important constituent 9 . They have been used in a variety of ways such as moisturizer, emulsifi er and dispersant of pigments. It was also reported that L-α-phosphatidylcholine, which is main constituent of phospholipids, forms lamellar structure over a wide concentration range in an aqueous system 10 .
On the other hand, lysophospholipid LPL is obtained by the hydrolysis of phospholipids with phospholipase, and it possesses a structure in which alkyl chain esterifi ed to C2 of glycerol is converted to hydroxyl group. Therefore, it functions as excellent surfactant and has been also widely used in food industry. However, it has not been used in cosmetics industry. It was reported that lysophopholipids have higher HLB value, lower surface tension and interfacial tension than phospholipids depending on the degree of hydrolysis, and these parameters become constant values when the degree of hydrolysis exceeds 80 11, 12 . Krafft point and cloud point are present in the phase behavior of LPL/water system, where micellar phase appears at low concentration range less than 10 , lamellar liquid crystal phase appears at high concentration range above 10 , and lysophospholipid is found as β-type hydrated solid below Krafft point 13 . Moreover, it has also been verifi ed that effect of pH, polyol and electrolyte, which are often mixed with cosmetics, is small on the phase behavior in the LPL/ water system 13 . In addition, it was reported that when lysophospholipid was used as emulsifier, emulsion stability against electrolyte or pH increased 14, 15 . Therefore, if lamellar structures can be formed at low concentration range in the LPL/water system, it may be highly useful for cosmetics. It was reported that when polar oils such as long-chain alcohols or fatty acids are added to a water/surfactant binary system, they form blended molecular fi lm with surfactant acting as lipophilic cosurfactant 16, 17 . Even if the surfactant itself is hydrophilic, HLB of surfactant can be adjusted by mixing polar oils. It was well known that the stability of Multi lamellar vesicle prepared from phospholipid increased by the cholesterol addition 18 . In this study, we attempted to control the structure of molecular aggregates formed in LPL/water system by adding lipophilic alcohol as cosurfactant. Since the dissolution temperature of lysophospholipid in water is above room temperature, we observed its phase behavior at high temperature, and we also conducted structural analysis of hydrated solid of lysophospholipid at room temperature. The effect of cholesterol addition on the phase behavior of the present system was also investigated, because it is well known that the stability of multi-lamellar vesicles prepared from phospholipid is increased by the addition of cholesterol 18 . 
EXPERIMENTAL

Phase study
Screw cap test tubes containing required amount of reagents were homogenized at 80 and the phase state was observed visually in water bath at a fi xed temperature.
X-ray scattering measurement
X-ray scattering measurement was performed on a Kratky-type small angle scattering camera SAXSess, Anton Paar, Austria . Cu-Kα λ 0.1542nm radiation was used. An image plate was used as a detector and the intensity of the scatterd X-ray depending on the scattering angle was detected by Cyclone image plate reader Perkin Elmer Co. .
Differential scanning calorimetry measurement DSC
DSC measurements were performed on a differential scanning calorimeter DSC6200, SII Nano Technology Inc. . The sample of 10 20 mg was weighed in aluminum or silver capsule. The sample was cooled to 80 once before measurement. The temperature was scanned between 20 and 90 at the rate of 1.0 /min.
RESULTS AND DISCUSSION
3.1 Phase behavior in the LPL/long-chain alcohol/water system Based on visual observation and using polarizer, we prepared phase diagrams of the LPL/Hex/water and the LPL/ OA/water system at 80 . These results are shown in Fig. 1 and Fig. 2 , respectively.
On LPL-water axis in Fig. 1 , micellar W m phase is formed below 33 of LPL, while liquid crystalline LC phase is formed above 33 . When Hex is added to W m phase, the curvature of mixed surfactant-alcohol fi lm is reduced, which results in the transitions to LC phase. If Hex is added further, the LC phase transitions into reverse micellar O m phase, resulting in two phases with water. This is typical phase behavior of hydrophilic surfactant/lipophilic cosurfactant/water system 16 . As shown in Fig. 2 , types and order of phases appearing in the system with OA as cosurfactant are similar to those of Fig. 1 3.2 Phase behavior in a LPL/long-chain alcohol/chol/ water system Partial phase diagram of LPL/OA/water system is shown in Fig. 3 . Moreover, Fig. 4 shows the phase diagram when Chol was added to LPL/OA/water system. The weight fraction of cholesterol defined by Chol/ LPL OA Chol is fi xed at 0.1.
As shown in Fig. 3 , the area of LC phase expands sharply towards water corner along the line corresponding to LPL/ OA 65/35. Since lamellar liquid crystals become stable when spontaneous curvature of molecular fi lm formed by amphiphilic molecules becomes 0, it can be said that at this composition, HLB of amphiphilic molecules in the system is balanced. On the other hand, in the system with Chol Fig. 4 , the composition at which HLB balances is almost limited in the vicinity of LPL/Chol-water axis. It is suggest- ed that since Chol functions as lipophilic co-surfactant, the composition at which HLB balances shifts towards higher LPL concentration. Because of the same reason, W m phase region almost disappears, while LC W phase disappears completely by the addition of Chol. In order to study the changes in structure of liquid crystal caused by the mixing of co-surfactants, we conducted small-angle X-ray scattering measurement for LPL/OA/water mixtures with and without Chol, in which weight fraction of water was fi xed at 0.5. The X-ray scattering spectra obtained for the mixtures at 80 are shown in Fig. 5 , where x shows the weight fraction of OA in LPL OA. In both systems, peaks showing lamellar structure are appreciable for x below 0.5. As x increases, the position of peak shifts to small-angle side in the system without Chol, while it shifts to the opposite direction in the system with Chol up to x 0.5. This difference becomes clearer by plotting the long spacing, d, as a function of x as is shown Fig. 6 . In the system without Chol, d increases following the addition of OA. Hydrophilic group of LPL is bulky, and Carnie 19 has estimated the area of the hydrophilic group part to be 71.7 Å 2 . As the area occupied by OA molecule is smaller than that of LPL, the interfacial area of bilayer in the LC phase containing OA also becomes smaller, and hence, the amount of interlayer water per unit area of the bilayer becomes larger. In this reason it is considered that the long spacing of LC increases with the increase in x. On the other hand, in the system with Chol, the long spacing becomes narrower when OA is added. It has been well known that the addition of Chol to phospholipid bilayers above the gelliquid crystal transition temperature causes an enhanced mutual interaction between hydrophobic groups of the lipids and a reduced flexibility of the bilayer [20] [21] [22] [23] . This suggests that Chol has similar effect also on bimolecular fi lm of LPL, i.e., the packing of molecules in the LPL fi lm would become tight when Chol is added. The close molecular packing in the LPL-Chol blend film would be loosened when LPL is replaced with OA by the addition of OA, since the characteristic interaction between Chol and LPL molecules is reduced. This brings about the increase in the surface area of lamellar fi lm per molecule, and results in the reduced amount of interlayer water per unit area of the lamellar film. Thus, the long spacing of LC decreases with the increase in x for the case of LPL/OA/Chol/water system. Figure 7 indicates the phase behavior in a LPL/Hex/70 wt water system as functions of composition and temperature. The dissolution temperature of hydrated solid S decreases remarkably with the addition of Hex to LPL and the hydrated solid phase disappears above 0.3 of x. W m phase and LC phase remain stable even if temperature is Fig. 8 shows the phase diagram for the case that OA is used in place of Hex. Although the phase diagram is similar to that for Hex system, it comes to light that S is present in wide range of composition and temperature. The right panel of Fig. 8 shows the phase diagram of the system containing Chol. As shown in Fig. 3 and Fig. 4 , at high temperature range, W m phase disappears, while LC phase shifts to the side of smaller x. The composition and temperature range of hydrated solid phase do not change so much, but the melting temperature decreases gradually over a wide range of x.
Relationship between change in temperature and phase behavior
After that, we determined the hydrated solid gel -liquid crystal transition temperature by means of DSC measurement. In order to obtain adequate endothermic peak, we conducted measurement with weight fraction of water fi xed at 50wt which is higher LPL concentration than the case of small-angle X-ray scattering measurement see next section . Results are shown in Fig. 9 . For x 0.1 in the system without Chol, two endothermic peaks are obtained near 45 and 51 . Since the melting of solid phase is observed above 50
see Fig. 8 , it is suggested that low temperature peak corresponds to solid-gel phase transition temperature and high temperature peak corresponds to gel-liquid crystal transition temperature TC . In the case of hydrated long chain alcohols, phase transition from β crystal to α crystal is observed below the melting temperature of the hydrated solid 24 . Thus, it can be presumed that similar solid phase transition would occur in the present system as well. DSC results suggest that β-type crystals are obtained by sufficiently cooling of the sample down to 80 . On the other hand, when OA concentration is increased up to x 0.2, only a single endothermic peak is observed and TC decreases around 45 . In addition, above x 0.3, TC decreases gradually, which proves that OA weakens the mutual interaction between hydrophobic groups of LPL. A similar trend is found for the system with Chol as well, where TC drastically decreases between x 0.1 and 0.2 and it further decreases gradually above x 0.2. This demonstrates that the effect on TC due to the addition of OA is higher in the system with Chol.
Structure analysis of hydrated solid phase
We studied the structure of hydrated solid phase at 25 by small-angle X-ray scattering and wide-angle X-ray scattering measurements. Figure 10 indicates small-angle and wide-angle X-ray scattering spectra of LPL/OA/water system. If we consider wide-angle region left panel of Figure 11 shows the small-angle and wide-angle X-ray scattering spectra in the LPL/OA/Chol/water system. A similar trend to the system without Chol is observed, and peaks a shift to peaks b following the addition of OA in both wide-angle and small-angle spectra. However, peaks b appear from lower values of x. Figure 12 shows the plots of long spacing values obtained from small-angle scattering peaks of Fig. 10 and Fig.  11 . Irrespective of whether Chol is present or not, interlayer spacing of lamellar structures corresponding to peaks a in Fig. 10 and Fig. 11 are almost constant without any dependence on x. It is considered that the hydrated solid providing peaks a in X-ray scattering spectra is not infl uenced signifi cantly by OA or Chol, since it is mostly composed of LPL and water. On the other hand, the interlayer spacing of hydrated solid estimated from peaks b becomes wide with the addition of OA irrespective of whether cholesterol is present or not. This is contrastive to the case of LC phase at 80 , where the long spacing narrows/widens in the system with/without Chol as is shown in Fig. 6 . That is, the effect of OA addition is remarkably affected by the presence of Chol in LC phase, while the Chol effect vanishes in hydrated solid.
CONCLUSION
We investigated the phase behavior in LPL/long-chain alcohol/water system with and without Chol addition. The lamellar structure that could not be obtained in the dilute region of LPL/water was formed by adding medium and long chain alcohols as lipophilic co-surfactant. This behavior is similar to the observation in conventional surfactant systems. The area of LC phase expands more in the system with OA than that with Hex. This is because OA with long hydrocarbon chain makes lamellar fi lm rigid. When Chol is added to LPL/OA/water system, lamellar liquid-crystalline phase region shifts to composition with higher LPL/OA ratio. It is suggested that this is due to the reduction in curvature of amphiphilic molecular film by the addition of Chol. The structure of hydrated solid phase at 25 was analyzed by X-ray scattering measurement. The coexistence of two different α-type crystals was shown in LPL/ OA/water system depending on the weight fraction of OA. The long spacing of α-type crystals was almost constant in low OA concentration range. On the other hand it increased with the increase in OA content in high OA con- centration range. The simillar result was obtained in the system with Chol. The hydrated solid gel -liquid crystal transition temperature TC was obtained by DSC measurement. TC gradually decreased with increasing OA concentration and the decrement of TC was larger in the system with Chol. In recent development of cosmetics, highly functional and useful formulations are required for customer concomitantly with progress in the research area concerning skin physiology such as structure and biological mechanism of skin. Intercellular lipid, which is responsible for the retention of moisture content and protection of skin from external stimulus, forms the lamellar structure. We believe that the lamellar structure found in the present study for LPL/OA/Chol/water system holds the potential for development of new formulations which are not available in the market so far.
